ABSTRACT-Betanodaviruses, the causative agents of viral nervous necrosis of fish in aquaculture, can be genetically classified into four types, designated SJNNV, RGNNV, TPNNV and BFNNV. To investigate betanodaviruses in apparently healthy wild fish, we tested 20 fish species from some surrounding ocean areas of Japan for the detection of viral RNA using PCR-based methods. Of 729 fish tested, six (six species) and 87 (11 species) samples were positive for RT-PCR and nested PCR, respectively. These positive species have never been reported as susceptible hosts. Sequencing of obtained PCR amplicons revealed that RGNNV and SJNNV existed in nine and six fish species, respectively. BFNNV was found from one species, round herring Etrumeus teres. Interestingly, the RNA2 sequences thus obtained had more variations than those from wild fish caught around aquaculture facilities in our previous report. These results suggest that genetically varied betanodaviruses are widely spread around Japan.
Viral nervous necrosis (VNN) or viral encephalopathy and retinopathy (VER) is a devastating disease that causes neurological disorders and high mortality in a large number of cultured marine fish species around the world (Muroga, 2001; Munday et al., 2002; OIE 2006) . VNN has spread worldwide over the last two decades and more than 30 species of marine fish have been affected during their seedling and culture processes. The spreading of VNN is attributed to either vertical or horizontal transmissions of the causative viruses.
Betanodaviruses (family Nodaviridae), the causative agents of VNN, are nonenveloped, spherical viruses with a bipartite positive-sense RNA genome (Mori et al., 1992) . The larger genomic segment, RNA1 (3.1 kb), encodes an RNA-dependent RNA polymerase (so-called protein A). The smaller genomic segment, RNA2 (1.4 kb), encodes the coat protein (CP) Tan et al., 2001) . Recently, we characterized a subgenomic RNA3 (0.4 kb), which is produced from RNA1 and encodes protein B2 having a suppressor function for post-transcriptional gene silencing (Iwamoto et al., 2005) . Betanodaviruses can be classified into four types, designated redspotted grouper nervous necrosis virus (RGNNV), striped jack nervous necrosis virus (SJNNV), barfin flounder nervous necrosis virus (BFNNV) and tiger puffer nervous necrosis virus (TPNNV) based on the similarities of the CP gene sequences (Nishizawa et al., 1997) . The host ranges of TPNNV are limited to tiger puffer Takifugu rubripes. SJNNV was isolated from only striped jack Pseudocaranx dentex. However, recently, SJNNV was found in Euro-pean sea bass Dicentrarchus labrax, sea bream Sparus aurata and Senegalese sole Solea senegalensis farmed in the Iberian Peninsula though these samples used were not specified as diseased fish (Thiéry et al., 2004; Cutrín et al., 2007) . BFNNV has been isolated from some coldwater species, such as barfin flounder Verasper moseri, Pacific cod Gadus macrocephalus and Atlantic halibut Hippoglossus hippoglossus. In contrast, RGNNV has a broad host range and causes the disease among a variety of warm water fish species, particularly groupers and sea bass (Munday et al., 2002) . Betanodavirus study has been accelerated by using the cell culture systems (Frerichs et al., 1996; Iwamoto et al., 2000) and the reversed genetics systems . We showed that the host specificity is clearly controlled by RNA2 and/or encoded CP (Iwamoto et al., 2004) using the reassortant viruses between RGNNV and SJNNV.
Recently, Thiéry et al. (2004) proposed a different classification approach of betanodavirues. They classified the viruses into the four main groups, I, II, III, and IV which corresponded respectively to the RGNNV, BFNNV, TPNNV, and SJNNV types (Nishizawa et al., 1997) . The group I was further split into two subgroups, one of which accommodated only viruses isolated in France. Moreover, a fifth betanodavirus group was suggested by Johansen et al. (2004) based on the phylogenetic analyses of betanodaviruses from turbot Scophthalmus maximus.
Our previous study using polymerase chain reaction (PCR)-based methods confirmed the presence of betanodaviruses in apparently healthy wild fish caught around marine aquaculture areas in Japan (Gomez et al., 2004) . We suppose that apparently healthy wild fish are potential sources of betanodaviruses, which induce VNN at the aquaculture facilities because the RNA2 sequences derived from these wild fish were almost identical to each other and were closely similar to those from given RGNNV isolates. Such poor genetic polymorphisms among the wild fish virus sequences may be due to the limitation of the fish-sampling areas. In the present study, we obtained apparently healthy wild fish from some surrounding ocean areas of Japan (not restricted to marine aquaculture areas) and tested them for the presence of betanodaviruses by PCR-based methods. We also determined sequences of the PCR products and used them for phylogenetic analyses along with other betanodavirus sequences derived from diseased fish. species) ( Fig. 1 and Table 1 ). As exceptions, 60 samples of Japanese jack mackerel Trachurus japonicus were collected around a culture facility in Tamanoura Bay in Nagasaki Prefecture October 2003 (Table  1) . The brain and eye tissues were aseptically collected from those fish and stored at -80∞C until use.
Materials and methods

Fish samples
PCR amplification
Total RNA was extracted from the brains and eyes using the RNA extraction kit, ISOGEN (Nippon Gene) according to the manufacturer's instructions. Extracted RNA samples were dissolved in diethylpyrocarbonatetreated water (DEPC) and used for PCR experiments as the templates. The RT-PCR and nested PCR strategies using the degenerate primers (Gomez et al., 2004) were applied in this study. Briefly, the 30 cycles of RT-PCR and nested PCR programs were run, and amplified DNA fragments were separated on 2% agarose gels, followed by ethidium bromide staining for visualizing DNA. Fish samples were considered as positive when approximately 570-bp and 420-bp fragments were detected for RT-PCR and nested PCR, respectively.
Nucleotide sequencing and phylogenetic analyses
Nested PCR products were recovered from agarose gels and were purified using the QIAquick Gel Extraction kit (Qiagen) as described in the manufacturer's instructions. Purified DNA was sequenced using the Dye Deoxy Terminator Cycle Sequencing kit (Applied Biosystems) and the ABI PRISM 310 or 3100 Genetic Analyser (Applied Biosystems) according to the manufacturers' instructions. Since the nested PCR products include the variable region (ca. 180 bp) (e. g., from 666 to 842 th nucleotides in the SGWak97 RNA2 listed in Table 3 ) and the conserved region of betanodavirus RNA2 (Iwamoto et al., 2004) , the former was selected and used for phylogenetic analyses as follows: Multiple alignments of the viral sequences were produced using the AlignX command in the vector NTI suite version 8 (InforMax). Phylogenetic trees were drawn based on the multiple alignment data using the DNAml program of the PHYLIP software (version 3.6) (Felsenstein, 2002) and thse TreeExplorer (version 2.12) (Tamura, 1999) . In this study, when a viral sequence showed less than 89% nucleotide identity to another sequence, these two sequences were classified into different phylogenetic clusters.
Virus isolation
E-11 cells (Iwamoto et al., 2000) were cultured at 25∞C in 24-well plates (Iwaki) using Leibovitz' L-15 medium (Invitrogen) supplemented with 5% fetal bovine serum (FBS). The monolayer covering approximately Japanese jack mackerel (Trachurus japonicus)
Yellowfin tuna (Thunnus albacares) RGNNV RG2-S (1) F RG2-U (4) F * 1 : Sequence IDs represent different RNA2 sequences. A number in parentheses indicates sample number, which gave the same RNA2 sequence. * 2 : T, S, F, M: see Table 1. 50% of the well was washed twice with Hanks' balanced salt solution (HBSS) and inoculated with brain or eye homogenates from the fish samples (Table 1) . The inocula were prepared by homogenizing approximately 30 mg samples in 300 mL HBSS, followed by sterilization using a 0.45 mm filter. Inoculated cells were kept at room temperature for 1 h and the inocula were replaced by 500 mL L-15 medium with 5% FBS. Inoculated cells were further incubated at 20∞C or 25∞C and monitored daily for the appearance of cytopathic effects (CPE) for 14 days.
Results
Detection rates of betanodaviruses from wild marine fish
Of 729 fish tested, six (six species) and 87 (11 species) samples were positive for RT-PCR and nested PCR, respectively (Table 1 ). The samples positive for RT-PCR analysis and their virus detection rates were chub mackerel Scomber japonicus (1.3%), greater amberjack Seriola dumerili (1.7%), Japanese amberjack Seriola quinqueradiata (3.3%), red seabream Pagus major (10.0%), skipjack tuna Katsuwonus pelamis (3.3%) and yellowfin tuna Thunnus albacares (3.3%). Similarly, the fish species positive for nested PCR and their virus detection rates were Japanese jack mackerel (30.0%), chub mackerel (20.0%), greater amberjack (8.5%), Japanese amberjack (10.0%), whitefin trevally Kaiwarinus equula (46.2%), red seaberam (10.0%), Japanese barracuda Sphyraena japonica (7.1%), round herring Etrumeus teres (6.7%), spotted chub mackerel Scomber australasicus (20.0%), skipjack tuna (23.3%) and yellowfin tuna (16.7%). The detection rates in Japanese jack mackerel and whitefin trevally were relatively higher than those of the other species. No significant difference in the detection rate was obtained among the sampling locations (Table 1) . Throughout the samples, the detection rate by nested PCR (87/729 = 12.0%) was much higher than that by RT-PCR (6/729 = 0.8%) (by chi-square test, P < 0.05). The six samples positive for RT-PCR were all positive for nested PCR.
Classification of the wild fish viruses based on RNA2 sequence RNA2 fragments amplified by RT-PCR or nested PCR from the wild fish samples (Table 1) were sequenced and classified based on their nucleotide similarities to given RNA2 sequences. Of the 87 samples examined, 53, 35, and one samples gave RGNNV, 
Fig. 2.
Phylogenetic un-rooted tree of the betanodavirus RNA2 sequences from wild and diseased fish. Sequences of the variable regions in RNA2 identified from wild and diseased fish were phylogenetically analyzed using the DNAml program of PHYLIP 3.6 (Felsenstein, 2002) and the TreeExplorer 2.12 (Tamura, 1999) . Those sequences were classified into seven clusters designated as RG (RGNNV), SJa (SJNNV), SJb (SJNNV), TP (TPNNV), BF (BFNNV), Xa (unknown type), and Xb (unknown type). Viral sequences identified from wild fish and diseased fish (Table 3) were shown in red and black, respectively. The scale bar represents the distance of a 0.1 substitution.
SJNNV, and BFNNV sequences, respectively (Table  2) . These RGNNV and SJNNV sequences obtained shared 90-100% and 88-100% homology to each other, respectively (data not shown). The RGNNV sequences were organized into 22 kinds by eliminating duplicated identical nucleotide sequences and were designated by the IDs, RG2-A to RG2-V for convenience (Table 2) . Similarly, the 35 SJNNV sequences were organized into 11 kinds and were designated by the IDs, SJ2-A to SJ2-K. One Japanese amberjack and one Japanese barracuda samples bore sequences that could not be classified into any types of the viruses (Table 2 , Fig. 2 ). These RNA2 sequences were better classified by the originated host fish species rather than by the sampling locations (Table 2 ). All the sequences derived from greater amberjack belonged to SJNNV. Likewise, the sequences identified from spotted chub mackerel, skipjack tuna and yellowfin tuna were classified into RGNNV. In contrast, from Japanese jack mackerel, chub mackerel, whitefin trevally and red seabream, both RGNNV and SJNNV RNA2s were detected. Similarly, from round herring, both RGNNV and BFNNV RNA2s were identified. Japanese amberjack and Japanese barracuda also gave two kinds of RNA2s, one of which was the unclassified type mentioned above. Surprisingly, both RGNNV and SJNNV RNA2s were identified from the same fish of Japanese jack mackerel, chub mackerel, whitefin trevally and red seabream (data not shown).
Phylogenetic relationships of the betanodavirus RNA2s derived from wild and diseased fish
Phylogenetic relationships of the RNA2 sequences derived from wild marine fish were shown in Fig. 2 along with those from diseased fish. The phylogenetic tree had seven clusters designated as SJa, SJb, TP, BF, RG, Xa and Xb. All the clusters included the RNA2 sequences identified from wild fish except TP that was comprised of one sequence from the tiger puffer isolate TPKag93. The RGNNV sequences constructed the single cluster RG though RG2-E, RG2-F, RG2-G and RG2-H obtained from Japanese jack mackerel, chub mackerel, Japanese barracuda and spotted chub mackerel, respectively, formed a sub-branch within RG along with the WSBUS99A and WSBUS99B sequences derived from diseased white sea bass Atractoscion nobilis in USA (Fig. 2) . The other sequences in RG were not segregated despite the differences in their originated hosts or sampling areas. The cluster Xa contained only one sequence UN2-A found from wild Japanese amberjack in this study. The cluster Xb similarly harbored UN2-B identified from wild Japanese barracuda collected at Saiki (Table 2) as well as Y235, W62, DIEV-F and W62 from diseased European sea bass and meagre Argyrosomus regius cultured in France. The cluster BF contained BF2-A detected from wild round herring caught at Fukaura (Table 2 ). Furthermore, BF had three RNA2 sequences derived from diseased Japanese flounder and Pacific cod in Japan (JFIwa96, JFIwa98 and PCHok96) in addition to BB09 from diseased European sea bass in France. The SJNNV sequences were divided clearly into the two clusters, SJa and SJb. SJa contained the six sequences (SJ2-A, SJ2-B, SJ2-C, SJ2-D, SJ2-E and SJ2-K) from wild Japanese jack mackerel, Japanese amberjack, whitefin trevally and chub mackerel (Table 2) . SJb contained the five sequences (SJ2-F, SJ2-G, SJ2-H, SJ2-I and SJ2-J) obtained from wild Japanese jack mackerel, greater amberjack, whitefin trevally and red seabream. This SJb cluster had another five sequences (SJNag91, SJNag92, SJNag93, Jp/06/SJ and 03-160) derived from diseased striped jack in Japan and affected Senegalese sole in Spain. The sequences (RG2-C, RG2-I, RG2-O, RG2-P, RG2-Q, RG2-T, RG2-U and SJ2-F) identified from the wild fish caught around an aquaculture facility in Tamanoura Bay were dispersed in the phylogenetic tree.
Inoculations of cultured fish cells with wild marine fish samples
Brain and eye samples of the wild marine fish, which were positive for the RT-PCR or nested PCR analysis, were inoculated into E-11 cells to isolate viruses. Of 87 fish tested, no samples gave clear CPE throughout the experimental period.
Discussion
We tested 20 wild fish species caught from some surrounding ocean areas of Japan for the detection of betanodaviruses using PCR-based methods. The sequences of the amplified viral fragments had much more variations than those from wild fish caught around aquaculture facilities (Gomez et al., 2004) . The virus detection rates for the wild marine fish used in this study were 0.8% for RT-PCR and 12.1% for nested PCR. However, when wild fish caught around aquaculture facilities were tested using the same PCR system, the virus detection rates were 22.9% for RT-PCR and 88.5% for nested PCR (Gomez et al., 2004) . These results suggest that genetically varied betanodaviruses are widely spread around Japan and that aquaculture facilities are the sources of betanodaviruses identified in wild fish around the facilities. More experiments are required to confirm the relationships between betanodaviruses and aquaculture facilities.
Host specificity of betanodaviruses has been indicated by affected fish species thus far recorded and inoculation experiments. That is, the genetically distinct four types of betanodaviruses have been isolated from diseased fish of different related species (Nishizawa et al., 1997; Munday et al., 2002) . In addition, our experimental inoculations of striped jack and sevenband grouper with SJNNV or RGNNV revealed that the two viruses have strict host specificity (Iwamoto et al., 2004) . Recently, we tested several ornamental fresh water fish for their susceptibility to an RGNNV isolate and showed that the levels of viral susceptibilities were well correlated with the phylogenetic relationships of tested fish (Furusawa et al., 2007) . In this study, the viral sequences obtained were better classified by the origi-nated wild fish species rather than by the sampling locations (Table 2) . These results indicate that betanodaviruses prefer their specific hosts to multiply or survive even though the viral infections are subclinical levels.
Curiously, no virus was isolated from any of the samples tested using the permissive cultured fish cells. This result suggests that the virus concentrations in the samples were too low to detect CPE avoiding cytotoxic effects of the tissues. Alternatively, the fish samples might contain virions or unencapsidated viral RNA that could not infect the cultured cells. In any event, regardless of the infectivity of virions or viral RNA in wild fish, such viral compotents could act as materials for the recombination or reassortment of other betanodavirus genomes. Therefore, we believe that the detection and classification of betanodavirus RNA from wild fish would be epidemiologically important even though viruses are not isolated from the fish samples.
In VNN-affected fish, two or more virus types have never been identified from one fish species except the cases with Japanese flounder and sea bass (Iwamoto et al., 1999; Toffolo et al., 2006) . However, in this study, both RGNNV and SJNNV were detected from each of the four wild fish species (Table 2) . Similarly, BFNNV or unknown types of betanodaviruses were identified from a few wild species along with RGNNV (Table  2 ). In addition, both RGNNV and SJNNV sequences were detected from the same fish of Japanese jack mackerel, chub mackerel, whitefin trevally and red seabream. This difference between diseased fish viruses and wild fish viruses may be conferred by the intensive amplification of a single virus in diseased fish. Such a dual infection of betanodaviruses in a single host could provide chances to shuffle RNA segments between different viruses, though no evidence of genome shuffling in naturally infected fish has not yet been obtained. Shuffling of viral segments is an important process to increase genetic diversity of viruses (Scholtissek, 1995) , which could give them new host specificity or enhanced virulence. Identification of betanodavirus reassortants from affected fish or asymptomatic wild fish should give a good insight into the evolutionary process of the virus.
